Abstract. The successful operation of a GaAs-based polarized electron source utilizing a DC high voltage gun for the SLC program at SLAC has raised the prospects for a similar source for next generation linear colliders (NGLC 
TRODUCTION
The SLC has been operating with a polarized electron source since the spring of 1992 [1] . The source produces two 2-ns electron bunches of about 62 ns apart and with an intensity of up to 8X1010 electrons~unch at a repetition rate of 120 Hz. The fust bunch of polarized electrons, after being bunched and accelerated but with its intensity significantly reduced (by about 50%) due to beam losses, is used to collide with a similar bunch of positrons at the interaction point (IP) with a center of mass energy of about 91 GeV to produce ZO bosons. The second electron bunch, which does not need to be polarized, is used to generate the positron bunch.
The polarized electron source uses a DC high voltage gun operated at 120 kV across its Pierce diode structure [2] . The gun uses a thin strained GaAs( 100) photocathodes, whose surface is treated with cesium and NF3 to have negative electron affinity (NEA). Coupled with a Nd:YAG pumped Ti:Sapphire laser system that is tuned to the appropriate wavelengths and that has the desired pulse structure, the photocathodes gun produces the desired beam for the SLC injector.
The performance of the polarized source in all aspects, including reliability, beam polarization and intensity, has been excellent [1] .
The successful operation of the SLC polarized source has raised the prospects for a similar polarized source for the next generation of linear colliders (NGLC) [3] . In order to overcome the inherent low repetition rate in a linear collider and dso to maximize its energy efficiency, an NGLC requires the use of high-charge macrobunches consisting of about 100 rnicrobunches for the purpose of increased luminosity [3] . The total charge in a single macrobunch is expected to be close to *Work suppoti by Depmment of Energycontrwt DE-AC03-76SFO05 15.
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Bloomington, IN, lx 1012 electrons at the IP, or at least about 1.5x1012 electrons at the source, which is more than an order of magnitude beyond the present SLC requirement.
Although this large amount of charge is distributed over the width of the macrobunch, about 130 ns, and hence the instantaneous current at the source may actually be lower than that for the SLC, the large quantity of the charge in each macrobunch presents the major challenge for developing a NGLC polarized source due to inherent charge-limiting physics that operates in an NEA GaAs photocathodes. In this paper, we will discuss the prospects of realizing such a source based on an existing SLC gun from charge considerations only. Other important issues, e.g., laser issues, are beyond the scope of this paper.
CATHODE PHYSICS AND DISCUSSION
The difficulty of extracting a large number of polarized electrons from a GaAs photocathodes within a short period is due to the charge limit (CL) effect, which was discovered during the course of polarized source research and development at SLAC [4] . The CL effect dictates that the maximum extractable charge from a GaAs cathode is determined by its intrinsic and surface properties (specifically, doping density and surface NEA condition) and is generally lower than the space charge limit of the gun. In practice, the NEA condition is characterized by the cathode's quantum efficiency (QE), defined as the number of photoemitted electrons normalized by the number of incident photons.
The data shown in Figures 1 and 2 , obtained from two 300 nm strained GaAs( 100) cathodes of different doping densities with 2-ns excitation laser pulses, illustrate the following important characteristics of the CL effect: (i) once the photoemission is charge limited, further increase in the laser pulse energy leads to a monotonic decrease in the emitted charge; (ii) for charge limited emission, the charge pulse peaks at an earlier time and shrinks in width due to suppressed emission in the later part of the pulse; (iii) there is a significant interbunch effect, i.e., the CL for a later coming bunch is further decreased by the presence of another at an earlier time; and (iv) the time constant characterizing the decay of the inter-bunch effect depends critically on the doping density, A simple picture to understand the CL effect is that electrons excited earlier suppress the emission of subsequently excited electrons within a time scale defined by the decay of the inter-bunch effect. The suppression is most likely caused by an increase in the surface work function due to accumulation of excited electrons at the surface.
It happens because only a fraction of the excited electrons reaching the surface may ultimately escape whereas the majority of them will be trapped at the surface. This mechanism is known as the photovoltaic effect, based on which certain aspects of the CL effect have already been numerically simulated by Herrera-Gomez and Spicer [5] . The data shown in Figure 1 is for a relatively low QE condition so as to emphasize the CL effect.
Under the best QE condition, this cathode is capable of producing 10x1010 electrons in a 2-ns pulse, approaching what the space charge limit permits. As the cathode's QE decays with time, the CL also decreases almost proportionally, and the inter-bunch effect becomes more pronounced [4] . While these results are derived from 2-ns pulse studies, they can be used to help us analyze the feasibility of generating the long NGLC macrobunches. 
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Photoemittedcharge versus laser pulse energy (upper panel) and representative charge pulse shapes at various laser pulse energies (lower panel) for a 300 nm 5x1O18 cm-3 Zn-dopd strained GAs cathode. The laser wavelength is 865 nm and pulse width is about 1.8 ns. We will consider the case of using a long, continuous laser pulse to generate an NGLC macrobunch of polarized electrons with a GaAs photocathodes based SLC gun [6] . In this scheme, the microbunch structure is created with a bunching system which would admit only about 50~0 of the charge in the unchopped macrobunch from the gun. Thus, the total charge in the continuous macrobunch from the gun must be around 3X1012 electrons, or nearly 4 A in current over the duration of the pulse. For comparison, the highest operating current out of an SLC polarized gun for the SLC high energy physics program was about 6.5 A, while the space charge limited current is just about twice as much.
A major difference between generating 2-ns and >100-ns charge pulses from a GaAs cathode is that in the former case the cathode may be operated below its CL, as for the 1994 SLC run, while in the latter case the cathode will probably have to be always operated in its CL regime. This is because in the long pulse mode the number of excited electrons accumulated at the cathode's surface will probably inevitably exceed the necessary level for subsequent photoemission to become charge limited. Therefore, the CL effect plays an even more important role in an NGLC polarized source. In particular, the inter-bunch effect of the CL phenomenon is the most important limiting factor for generating the high-current long charge pulses. This is because it is essentially all of the previously excited electrons over a time duration characteristic of the decay of the inter-bunch effect that contribute to suppressing the emission of subsequently excited electrons. It becomes immediately clear that a short decay time for the inter-bunch effect is very desirable. As it takes a certain time for the CL effect to fully build up and reach a steady state, there will be a transient period at the beginning of the charge pulse during which the intensity will vary with time and consequently may be unusable for the accelerator. The time scale of such a transient period should be comparable to the inter-bunch effect decay time. In what follows we shall discuss semi-quantitatively the possibility of sustaining a 4 A photoemission out of an SLC gun following the initial transient period.
Let us assume that a cathode has been prepared to have an excellent~A condition such that an SLC gun equipped with such a cathode is capable of generating a maximum of 1.4x1011 electrons in a 2-ns pulse, or about 11 A of current. This is a realistic assumption since even better perform~ces have been achieved at SLAC. We shall show that the response of the cathode to long intense laser pulses may be inferred from its 2-ns single-and two-bunch CL behaviors.
Take the two cases in Figure 2 for example. For the 5X1018 cm-3 doped sample (Figure 2(a) ), the inter-bunch effect decay time is on the order of 100 ns. In order to produce the desired current of 4 A, the laser intensity during the long pulse needs to be, say, about 50% of that of bunch 1 in the upper branch of the data in Figure 2(a) , or 50 kW (= 10 @/2 ns) at 775 nm [7] . At this laser intensity, the charge emitted in a 2-ns pulse should be about 70~o of the maximum, i.e., about lx 1011 electrons or 8 A. Within one decay time of 100 ns, the total number of excited electrons would be a factor of 25 more than that during the excitation of bunch 1. According to Figure 2(a) , as the total number of excited electrons excited during bunch 1 is increased by about a factor of 2, the charge in bunch 2 is suppressed from about 50% to about 25% of its single-bunch value at a bunch separation of 10 ns. For a 25-fold increase in bunch 1 excitation, the charge in bunch 2 is expected to be suppressed to <10% of its single-bunch value, i.e., the current in bunch 2 would be below 1 A. Clearly, as this current is well below the desired 4 A level, an SLC gun using such a GaAs cathode would fail to produce the desired high intensity macrobunch for an NGLC.
'For the 2x1019 cm-3 doped sample (Figure 2(b) ), the inter-bunch effect decay time is on the order of 10 ns, one order of magnitude shorter than for the 5X1018 cm-3 doped sample. All of the above quantitative analysis remains valid except that the 25-fold increase is now reduced to a mere 2.5-fold increase. According to Figure 2 (b), the charge intensity in bunch 2 at a time separation of 4 ns from bunch 1 is reduced to about 70% of its single-bunch value, or about 6 A. Instead of being 4 ns apart, however, photoemission must proceed continuously in the long macrobunch. This would certainly reduce the steady emission current to below the estimated 6 A, but probably would still exceed the desired 4 A level. Thus, it appears that an SLC gun using such a cathode might be adequate for use as an NGLC polarized gun.
Of course, the above discussion is solely based on the available data which are obtained from 2-ns pulse studies. It may be regarded as a generalization of the CL effect from short to long time scales. While we believe that our discussion is quantitatively reasonable, it is possible that new unknown phenomena may arise in going from 2-ns-pul~es to > 100-ns pulses which may complicate our analysis. Therefore, the ultimate check of its validity is only possible through experiments. A Q-switched flash-lamp pumped Ti:Sapphire laser system is now under development at SLAC to produce the desired long, high intensity laser pulses. We expect to conduct experiments to study the CL effects on 100-ns time scales toward the end of 1994.
OUTLOOK
The CL effect plays a very important role for the development of an NGLC polarized source. Our analysis suggests that high doping strained GaAs cathodes hold the best promise for a possible high-polarization electron source for an NGLC. Optimizing a cathode's~A condition, including the use of larger band gap matends, should always be helpful as it reduces the inter-bunch effect as well as raises the CL. Use of high doping, however, noticeably compromises the polarization obtainable from a strained GaAs cathode due to increased band tailing and other effects. A possible approach to take advantage of the high current capability of high doping cathodes while retaining the high polarization characteristic of low doping cathodes is to use a modulated doping scheme, i.e., high doping in a thin (50 -100~) surface layer and low doping in the rest of the active layer. Such a doping scheme has been tested in a superlattice cathode which indeed yielded encouraging results [8] . From the standpoint of charge considerations, it is fair to state that the present SLC guns are viable candidates for NGLC polarized sources. Diego, 1993,p.51 , The most feasible approach to generate a stable NGLC macrobunch is probably to use a long laser pulse to generate a long charge pulse, and then to create the desired rnicrobunch structure using a bunching system. The wavelength of the laser pulse used for bunch 1 is not important here. If the wavelength usd for bunch 1 is to be the same as that for bunch 2 -a case perhaps more appropriate for the discussion on long pulses -the laser pulse energy for bunch 1 simply needs to be larger by about a factor of 3 to drive the photoemission into CL. Also, the exact laser intensity in the long pulse is hard to prdict. 50% appears to be a reasonable assumption. Y. Kurihara, et al., "A high polarization and high quantum efficiency photocathodes using a GaAs-AIGAs sup~rlattite", SLAC-PUB-6530, submitted to Japn. J. Appl. Phys.
